The selective synthesis and in situ characterization of aqueous Alcontaining clusters is a long-standing challenge. We report a newly developed integrated platform that combines (i) a selective, atomeconomical, step-economical, scalable synthesis of Al-containing nanoclusters in water via precision electrolysis with strict pH control and (ii) an improved femtosecond stimulated Raman spectroscopic method covering a broad spectral range of ca. T he importance of Al (aluminum) in the biosphere and to human civilization is enormous. The scale of mining and production of Al compounds is second only to that of Fe (iron). Our lives are influenced by its use in electronics (1, 2), cooking and eating utensils, and food packaging, and as structural materials in the construction, automotive, and aircraft industries. Its deposition and migration as a mineral ore are controlled by its aqueous chemistry and speciation. Millions of tons of Al compounds are used worldwide each year for water treatment, and it is found in all drinking water (3). The behavior of Al in water plays significant roles in soil chemistry and plant growth (4, 5), for example, governing Al bioavailability, toxicity, and its overall impact in aquatic ecosystems (6). Meanwhile, aqueous Al clusters are gaining importance as solution precursors for the large-area deposition of Al 2 O 3 coatings with broad technological applications (7, 8) .
with high sensitivity, aided by ab initio computations, to elucidate Al aqueous cluster structures and formation mechanisms in real time. Using this platform, a unique view of flat [Al 13 (μ 3 -OH) 6 (μ 2 -OH) 18 (H 2 O) 24 ](NO 3 ) 15 nanocluster formation is observed in water, in which three distinct reaction stages are identified. The initial stage involves the formation of an [Al 7 (μ 3 -OH) 6 (μ 2 -OH) 6 Al aqueous speciation | ultrafast Raman | computational chemistry | electrochemistry | reaction pathway T he importance of Al (aluminum) in the biosphere and to human civilization is enormous. The scale of mining and production of Al compounds is second only to that of Fe (iron). Our lives are influenced by its use in electronics (1, 2) , cooking and eating utensils, and food packaging, and as structural materials in the construction, automotive, and aircraft industries. Its deposition and migration as a mineral ore are controlled by its aqueous chemistry and speciation. Millions of tons of Al compounds are used worldwide each year for water treatment, and it is found in all drinking water (3) . The behavior of Al in water plays significant roles in soil chemistry and plant growth (4, 5) , for example, governing Al bioavailability, toxicity, and its overall impact in aquatic ecosystems (6) . Meanwhile, aqueous Al clusters are gaining importance as solution precursors for the large-area deposition of Al 2 O 3 coatings with broad technological applications (7, 8) .
Despite more than a century of study (9, 10) , the complete portrait of aqueous Al chemistry remains unclear. Studies of aqueous Al chemistry are notoriously difficult because of the variety and complexity of the species that can be formed, encompassing monomeric, oligomeric, and polymeric hydroxides (11) (12) (13) (14) (15) (16) (17) ; colloidal solutions and gels; and precipitates. Synthesis is complicated by the fact that the counter-ions and the method and rate of pH change all have dramatic effects on product formation (18, 19) . Few methods exist for the in situ determination and assignment of molecular-level structures. For instance, 27 Al NMR can only identify certain Al aqueous species (15) . Furthermore, unlike organic compounds, systematic spectroscopic signatures of metal hydroxide clusters are less accessible, making interpretation of experimental spectra challenging. We hereby report a combined synthesis, experiment, and theory platform for the study of aqueous metal clusters. Electrolysis is exploited to control the solution pH and counter-ion content precisely during cluster synthesis without using chemical reagents. The evolution of solution species is followed in situ by an improved femtosecond stimulated Raman (FSR) technique (20) (21) (22) that can detect weak signals associated with structure-defining vibrational modes. The resulting pHdependent Raman spectra are interpreted by juxtaposition to quantum mechanically computed vibrational modes to assign specific molecular structures. Through this integrated approach, we have discovered a speciation behavior for Al in water that has not previously been observed. We focus here on the synthesis and formation pathway of the flat [Al 13 (μ 3 -OH) 6 (μ 2 -OH) 18 cluster (Al 13 ) that is practically important for its use as a "green" solution precursor for the large-scale/large-area preparation of Al 2 O 3 thin films and nanoparticles that have broad utility in electronics, catalysis, and corrosion prevention (7, 8, (23) (24) (25) (26) (27) .
Results and Discussion
Although the flat cluster [Al 13 (μ 3 -OH) 6 (μ 2 -OH) 18 (H 2 O) 24 ] 15+ is commonly considered a minor component in Al speciation that does not appear in published predominance (i.e., Pourbaix) diagrams (28, 29) , it can now be synthesized in large quantities (30) (31) (32) . Here, we demonstrate complete atom economy and step economy in the selective synthesis of the Al 13 cluster using
Significance
The aqueous chemistry of Al has a large impact across the biosphere, hydrosphere, geosphere, and anthrosphere. Despite a century of study, aqueous Al chemistry and speciation are still not well understood because of the challenges of selectively isolating and synthesizing specific Al-containing aqueous clusters and of precisely characterizing those clusters. We report the atom-and step-economical electrolytic synthesis of aqueous Al clusters combined with improved femtosecond Raman spectroscopy and computations to elucidate the structures and formation pathways of aqueous clusters in situ. We demonstrate the unique power of this integrated platform by synthesizing and characterizing flat [Al 13 (μ 3 -OH) 6 (μ 2 -OH) 18 (H 2 O) 24 ]
15+ clusters in water, which are versatile precursors for large-scale preparation of Al 2 O 3 thin films and nanoparticles for electronics, catalysis, and corrosion prevention.
an electrochemical method to increase the pH of a 1.0-M Al(NO 3 ) 3 (aq) solution smoothly.
The predominant Al species in a 1.0-M Al(NO 3 ) 3 (aq) solution is the monomeric hexa-aqua ion Al(H 2 O) 6 3+ (aq) (33) . As the pH of the solution increases, condensation of the monomeric ion occurs, leading to the formation of polynuclear Al hydroxide clusters. To prevent the steep pH gradients commonly associated with base titrations, the pH change is achieved by proton reduction in a two-compartment electrochemical cell (Fig. 1 ). In the cathode compartment, protons are reduced to hydrogen gas, increasing the pH. In the anode compartment, water oxidation results in a decrease in pH. The reaction rate is controlled by adjusting the electrical current through the cell. A porous glass frit eliminates convective mixing between the two compartments. Because the NO 3 − and Al(H 2 O) 6 3+ are present in large concentrations (i.e., ∼3.0 and 1.0 M, respectively) relative to H + in the pH range explored, the bulk of the charge-balancing ionic current across the frit is carried by NO 3 − migration into the anode compartment and Al(H 2 O) 6 3+ migration into the cathode compartment. The pH of the cathode compartment is plotted against total charge passed in Fig. 1 . In this study, we primarily focus on the highlighted range of pH = 2.70-3.18, because it covers the crucial steps for initial formation of Al hydroxide nanoclusters.
The Keggin Al 13 hydroxide cluster is the most commonly observed polynuclear species in pH-based speciation studies (18, 19) . The Keggin structure is characterized by a core, tetrahedral AlO 4 unit surrounded by 12 AlO 6 octahedra. A solution 27 Al NMR spectrum (SI Appendix, Fig. S1 ) of the final cathode solution (pH = 3.18) indicates only a minor presence of Al atoms in a tetrahedral site associated with the Keggin Al 13 structure. Consistent with this observation, we find that all crystals obtained from cathode solutions in the pH range of 2.60-3.10 exhibit unitcell parameters (SI Appendix, Table S1 ) equivalent to that of the flat Al 13 cluster [Al 13 (μ 3 -OH) 6 (μ 2 -OH) 18 
15+ . This cluster contains only distorted octahedral AlO 6 groups, lacking the tetrahedral AlO 4 core of the Keggin cluster. The ease of isolating the flat cluster points to the efficacy of the electrolysis method for selective synthesis through precision pH control (32) . The electrolysis method is also especially well suited for in situ analysis because of the lack of any additional reagents.
To monitor the formation of the flat Al 13 cluster as a function of pH, the cathode solution is studied in situ by nonresonant (800 nm) FSR spectroscopy (21) with a newly developed Raman probe pulse. The probe pulse is selected from one of the cascaded four-wave mixing (CFWM) signals generated by crossing two femtosecond near-IR laser pulses in one thin transparent medium, providing good spatial separation between self-compressed multicolor sideband lasers (34) and the fundamental beams for ultrabroad spectral coverage (22) (SI Appendix, Fig. S2 ). This unique approach enables the measurement of stimulated Raman signals to frequencies as low as 350 cm −1 , significantly extending established low-frequency detection limits, ca. 600-800 cm −1 , of conventional probe-light generation in FSR spectroscopy. To capture subtle spectral changes and correct for the effects of laser fluctuations, the spectrum of a control 1.0-M Al(NO 3 ) 3 (aq) solution was acquired before measuring each pH-specific sample.
The resulting differential FSR spectra (i.e., the differences between sample and control measurements) across the pH range of 1.9-3.18 are shown in Fig. 2 . In these spectra, negative peaks represent species being consumed, whereas positive peaks represent new species emerging at the cathode. . Although these Raman peaks are weak, mainly due to high symmetry and small polarizabilities of the Al nanoclusters, their signal-to-noise ratios are statistically significant (SI Appendix). The peak located near 1,006 cm −1 can be resolved by least-squares peak fitting with multiple Gaussians. Because it partially overlaps with the intense negative peak at 1,048 cm −1 , there is considerable uncertainty in assigning a precise position in the differential spectrum; hence, it has not been used in the ensuing analyses.
To identify the individual Raman vibrational modes that constitute each of the peaks in the differential FSR spectrum in (35) computed by the Hartree-Fock (HF) method with 6-31G(d,p) basis set (36, 37) . All the computations were undertaken with the integral-equation formalism polarizable continuum model (IEFPCM) for aqueous solution and universal force field (UFF) van der Waals radii (38, 39) . Results for pH = 3.18 are summarized in Fig. 3 . The region from 900-1,300 cm −1 exhibits resolved hydroxo group vibrations that collectively define fingerprints for the clusters. We classify these vibrations into three types: μ 3 -OH, μ 2 -OH core , and μ 2 -OH shell , where the subscripts of μ denote the number of Al atoms bound to each hydroxo group. [Al 7 (μ 3 -OH) 6 (μ 2 -OH) 6 
connected to each other by μ 2 -OH core bridges (yellow circle in Fig. 3E ), producing bands near 1,075 and 1,151 cm −1
. The flat Al 13 exhibits the Al 7 core with six additional Al atoms appended via μ 2 -OH shell linkages. These groups (blue circle in Fig. 3C . The structural form of these hydroxo groups is replicated in Al 7+1 (Fig. 3D) , where one additional Al atom is appended to the Al 7 core.
Deconvolution of the total LSFC spectrum (Fig. 3A) reveals that the solution contains the flat Al 13 cluster as well as the Al 7 species (see Fig. 3 A, C, and E) . The peaks near 1,000 and 1,151 cm −1 provide strong evidence for the existence of Al 7 ; the peak at 
1,151 cm
−1 is uniquely associated with the μ 2 -OH core in Al 7 (Fig. 3E ). In addition, the Al 7+1 species [Al 8 (μ 3 -OH) 6 (μ 2 -OH) 8 can be added to the spectrum without negatively affecting the fit, suggesting it likely exists in the solution. The total computed spectrum, incorporating the aforementioned three clusters, correlates well to the differential FSR spectrum over the entire frequency range of ca. 350-1,400 cm −1 (Fig. 3 A and B) . Computations also reveal that Al-O vibrations dominate in the region from 350-900 cm
The rise in the positive signal at ∼386 cm −1 is thus a strong and unique indication of Al cluster formation with increasing pH.
To follow the assembly pathway of the Al aqueous clusters, the integrated areas of the 525, 718, and 1,048-cm −1 negative peaks and of the 937, 1,151, and 1,275-cm −1 positive peaks in Fig. 2 have been normalized and plotted against solution pH in Fig. 4 − migrates from the cathode to the anode compartment to maintain the charge balance. As noted above, the 1,151-cm −1 peak is uniquely associated with the μ 2 -OH core in Al 7 (Fig. 3) . Because no significant intensity is detected in the spectral region around 1,275 cm −1 corresponding to the μ 2 -OH shell of flat Al 13 , we associate this initial reaction stage with the formation of the Al 7 core structure.
In stage II (pH = 2.45-2.70), the Al 7 cluster continues to dominate, but the appearance and growth of the 1,275-cm 3+ signals decrease to a larger extent than that in stage I, representing further nitrate migration from the cathode as the reaction progresses toward building larger Al nanoclusters.
Conclusion
The combined techniques described herein are a powerful toolset for the synthesis and analysis of aqueous metal clusters. The singlereagent electrolytic synthesis provides precise control of product selectivity and scalability. The smoothly varying pH eliminates the sharp gradients that may lead to nucleation of the tetrahedral AlO 4 species at low apparent pH values, while also enabling the in situ study, isolation, and crystallization of flat Al 13 in a clean and efficient way. The femtosecond spectroscopic approach provides an effective means to establish both chemical identity and detailed molecular structure for a metal species in water, corroborated by systematic computations for structural-mode assignment. We have demonstrated the power of this integrated approach by providing a vivid view of aqueous Al chemistry in action, which extends the highly cited Al predominance diagrams by quantifying and elucidating a unique three-stage formation pathway for the important flat Al 13 cluster via an Al 7 intermediate. The proposed condensation pathway, involving only octahedrally coordinated Al, is also consistent with the existence and structures of the common minerals gibbsite and boehmite, which contain Al only in distorted octahedral coordination environments.
Taken together, this report provides unique insights and tools concerning the nature of the equilibria and intermediates contributing to the complex condensation and speciation chemistries of Al, while raising questions about behavior outside the pH range studied here. The methods open a new chapter in the study of Al, a biologically and technologically important element, and also provide a general approach for establishing the molecular structures of species in other aqueous metal systems.
Materials and Methods
Electrochemical Synthesis. The 1.0-M Al(NO 3 ) 3 (aq) starting solution was made with Al(NO 3 ) 3 ·9H 2 O (American Chemical Society grade; Baker Analyzed Reagent) and ultrapure water (ρ = 18.2 MΩ·cm). Constant current bulk electrolysis was carried out using an EG&G 263A potentiostat in two-electrode mode with the reference electrode input lead connected to the counterelectrode. A custom-built, two-compartment cell comprising a 15-mL cathode, a 50-mL anode, and a standard medium porosity glass frit (Chemglass) to separate the two compartments was used. The solution volumes in the cathode and anode were 10 mL and 30 mL, respectively. Pt (platinum) wire coils were used for both electrodes. To minimize local pH gradients in the cathode compartment where the cluster is synthesized, the cathode solution was stirred rapidly during electrolysis and a large-surface area (23 cm 2 ) Pt wire coil was used as the working electrode. The current was set to 75 mA during the experiment, which required ca. 4 V across the working and counterelectrodes due to the kinetic overpotentials associated with the hydrogen and oxygen evolution reactions, as well as the series resistance of the two-compartment cell. The charge Q was determined by Q = I·t. No significant temperature changes were observed during the prolonged electrolysis reaction, consistent with the low-power dissipation (75 mA × ∼4 V = 0.3 W). The pH of the cathode compartment solution was monitored in real time using an ion-sensitive field-effect transistor pH probe. Upon reaching the desired pH, the cathode solution was directed into a flow cell for the in situ FSR spectroscopic measurements.
Improved FSR Spectroscopy. The FSR spectroscopic setup consists of a modelocked Ti:sapphire oscillator (Mantis-5) and regenerative amplifier (Legend Elite-USP-1K-HE; Coherent), which provides 35-fs, 800-nm pulses with ∼4.1 mJ per pulse energy at a repetition rate of 1 kHz. The fundamental beam of ∼1.6 mJ per pulse energy is dispersed by a reflective grating (1,200 grooves per millimeter, 750-nm blaze) and passed through a 90-μm wide slit to generate the Raman pump of ∼10-cm −1 bandwidth and ∼3.5-ps pulse duration. The
Raman probe represents an advancement of conventional methods, which originates from CFWM sideband signals generated by crossing two laser pulses [the 800-nm beam (∼35 fs, 3 μJ per pulse) and the IR component of the supercontinuum white light generated in a 2-mm thick sapphire plate followed by prism compression (∼45 fs, 100 nJ per pulse)] in a 0.1-mm thick β-barium borate crystal (type I, θ = 27.8°) (22, 34) . The incident beam diameters on the crystal are ∼0.2 mm, and the crossing angle is ∼6°. One of the CFWM signals with an ∼900-nm center wavelength is selected as the Raman probe, corresponding to the Stokes frequency range from ca. 100-3,000 cm
and a pulse duration of ∼30 fs. The Raman pump and probe beams are then focused onto the 1-mm pathlength sample flow cell by an off-axis parabola (to avoid pulse chirp). Only the transmitted probe beam carrying the stimulated Raman signal enters the spectrograph to be dispersed by a 600-groovesper-millimeter grating (1,000-nm blaze) and imaged onto a CCD camera (PIXIS 100F; Princeton Instruments), which consists of a 1,340 × 100-pixel array and is synchronized with the laser repetition. Each sample spectrum is averaged from 180,000 Raman spectra within ∼6 min, and the 1.0-M Al(NO 3 ) 3 precursor solution spectrum is collected in exactly the same manner right before each pH-specific sample solution measurement as the standard for NO 3 − mode intensity normalization and generation of the differential FSR spectra (Fig. 2) . Both the spectral dips and peaks in the differential spectra are multi-Gaussian least-squares fitted across the wide spectral range (21) , and the integrated peak areas are plotted vs. pH to capture the real-time evolution of the broad signal intensity during electrolysis.
Computations. The geometries and spectra of the Al clusters of interest (SI Appendix, Fig. S4 ) were computed using HF/6-31G(d,p) with the IEFPCM-UFF continuum solvation model for water at the electronic ground state (36) (37) (38) (39) .
Least-Squares Fitting Procedure.
i) Each computed Raman vibrational mode was mathematically described with a Gaussian function using the computed Raman vibrational frequency and intensity. A frequency parameter (F) was used to modulate the frequencies of all species, amplitude parameters (A i ) for the amplitude of each species, and width parameters (W ij ) for the width of each Gaussian. The sum of all Gaussian curves constitutes the LSFC Raman spectrum. ii) The parameters (F, A i , and W ij ) were then iterated to minimize the rmsd between the trial LSFC Raman spectrum and the experimental spectrum.
The vibrational modes of all eliminated peaks were checked and verified manually for chemical relevance.
iii) The individual Gaussians in the final LSFC Raman spectra can then be identified according to the functional groups and partitioned as shown in Fig. 3 .
